We have hypothesized that in the prenegative selection TCR repertoire, many somatically generated complementary-determining region (CDR) 3 loops combine with evolutionarily selected germline V␣/V␤ CDR1/CDR2 loops to create highly MHC/peptide cross-reactive T cells that are subsequently deleted by negative selection. Here, we present a mutational analysis of the V␤ CDR3 of such a cross-reactive T-cell receptor (TCR), YAe62. Most YAe62 TCRs with the mutant CDR3s became less MHC promiscuous. However, others with CDR3s unrelated in sequence to the original recognized even more MHC alleles than the original TCR. Most importantly, this recognition was still dependent on the conserved CDR1/CDR2 residues. These results bolster the idea that germline TCR V elements are inherently reactive to MHC but that this reactivity is fine-tuned by the somatically generated CDR3 loops.
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major histocompatibility complex ͉ specificity ͉ T cell T he more than 3 dozen solved structures of T-cell receptor (TCR)/MHC complexes have shown that most TCRs bind to their MHC/peptide ligands, regardless of the MHC allele or class, in a similar diagonal mode, although there is some variation in the angle and pitch of engagement (1) . We (2-5) and others (6, 7) have used this structural information and mutational analyses to tackle the question of whether TCRs have been evolutionarily selected to bind to MHC molecules. We focused on the TCR complementary-determining region (CDR) 1 and CDR2 loops, because, unlike the somatically generated CDR3 loops, CDR1s and CDR2s are fully encoded in the germline, and therefore susceptible to evolutionary selection. Also, in many TCR/MHC structures, these loops, especially CDR2s, are often the main source of contact with MHC (1, 8, 9) .
For MHCII, the best-documented example of this conserved interaction involves V␤ elements related to mouse V␤8. Analysis of 9 structures with multiple MHC alleles, different bound peptides, different V␣s, and different V␤ CDR3s has found that in the V␤8-like V␤s, 46Y, 48Y, and 54E (all in ␤CDR2) nearly always interact with the same conserved amino acids (␣1 39K, 57Q, 60L, 61Q, and 64A) on MHCII (3) . The data suggest a similar situation for some V␣s (2, 3) . For example, in a number of structures involving V␣ elements related to mouse V␣4, Y29 in the V␣ CDR1 loop interacts with a conserved site composed of MHCII ␤ 76D, 77T, and 81H (3) . As more TCR/MHC structures appear, it is likely that additional conserved interactions will be found (3) .
In a series of functional and mutational studies, we examined T cells that develop in ''single peptide'' mice (i.e., mice whose MHCII is occupied by a single covalently attached peptide) (2, 4, (10) (11) (12) . These mice contain many T cells that are highly peptide and MHC allele cross-reactive. We explained this by proposing that TCR V regions are biased to react with MHC; thus, the thymus produces a very high frequency of thymocytes bearing TCRs in which conserved V region CDR1/CDR2 interactions with MHCII are very strong, leading to highly degenerate MHC and peptide reactivity. These cells are destroyed by negative selection in normal mice, leaving only T cells in whose TCRs the somatically generated TCR CDR3 loops have subdued the conserved CDR1/CDR2 TCR/MHC interactions sufficiently to allow escape from negative selection. These very crossreactive thymocytes are not completely negatively selected in single-peptide mice. Thus, in such animals, many peripheral T cells bear these very MHC/peptide cross-reactive TCRs. This idea was supported by analyses of the structures of 2 of these promiscuous TCRs bound to an MHCII/peptide complex (2) . In these structures, the conserved V␣ and V␤ CDR1/CDR2 interactions discussed previously were even more dominant than they were in complexes involving TCRs from conventional T cells bearing the same or related V␣ or V␤ elements. Furthermore, an initial mutational analysis showed that these conserved interactions were generally also required for the TCR crossreactions.
In the present study, we tested the idea that the crossreactivities of these promiscuous T cells are not only driven by conserved CDR1/CDR2 interactions but require CDR3 loops that support or at least do not interfere with the cross-reactivity. We therefore examined the role of CDR3 in the reactivity of the T cell, YAe62, typical of CD4 T cells that develop in singlepeptide mice (4). YAe62 was produced in IA b single-peptide mice by immunization with IA b bearing the 3K peptide (IA b -3K) (4). It responds to IA b -3K but is highly peptide promiscuous (13) and cross-reactive with WT IA b and many other IA alleles. Using an extensive mutational analysis, we examined how changes in V␤ CDR3 might influence the reactivity of YAe62. Not unexpectedly, we found mutant CDR3s that lessened or destroyed both the IA b -3K reactivity and the MHC crossreactivities of YAe62. However, we also found numerous mutant CDR3s, many with no sequence similarity to the original, which not only preserved some of the promiscuity of the TCR but even extended its reactivity to different MHC alleles. Most importantly, TCRs with these mutant CDR3s still depended on some or all of the conserved CDR1 and CDR2 amino acids for their reactivities. These data support our hypotheses that the propensity of TCRs to react with MHC ligands is inherent in their CDR1 and CDR2 loops and that this reactivity can be dialed up or down by CDR3. We propose that this process is required to fine-tune the affinity and specificity of the TCR to allow positive but not negative selection to create a collection of mature T cells Author contributions: K.R., J.P.S.-B., P.M., and J.W.K. designed research; K.R., J.P.S.-B., F.C., and S.D. performed research; K.R., J.P.S.-B., and F.C. contributed new reagents/analytical tools; K.R., J.P.S.-B., S.D., and J.W.K. analyzed data; and K.R., J.P.S.-B., P.M., and J.W.K. wrote the paper.
bearing TCRs that are specific for self-MHC plus foreign peptide.
Results

Contribution of the CDR3 Loops of the YAe62 TCR to Its Broad
Cross-Reactivity. TCR CDR3s might contribute to MHC crossreactivity either by being short and/or containing amino acids with short side chains, thus helping them to stay out of the way of conserved CDR1/CDR2 interactions with MHC, or by contributing to cross-reactivity by also interacting with a conserved area of the MHC ligand (14) .
The structure of the cross-reactive YAe62 TCR bound to its ligand, IA b -3K (2), suggests that both of these mechanisms might play a role. Fig. 1A shows the footprints of each of the YAe62 TCR CDR loops on IA b -3K. As discussed previously, V␣ CDR1 and V␤ CDR2 make the extensive conserved contacts with the IA b portion of the ligand via V␣ 29Y and V␤ 46Y, 48Y, and 54E, whereas V␣ CDR2 and V␤ CDR1 make very little contact with the ligand. The YAe62 V␣ CDR3 has the shortest CDR3 loop among the TCRs whose structures have been solved. It contacts the IA b molecule only minimally via V␣ 94T and has no contact with the 3K peptide. This lack of V␣ CDR3 interaction is associated with tipping of the TCR toward the peptide Nterminus, enhancing both V␤ CDR2 and V␣ CDR1 contact with the IA b helices.
On the other hand, the V␤ CDR3 loop, via V␤ 94F and 95W, has extensive contact with the IA b ␣ chain helix and, to some extent, with the 3K peptide. In particular, the side chain of V␤ 95W is tucked between the peptide backbone and the MHCII ␣1 helix ( Fig. 1 A and B) . The MHC amino acids contacted by V␤ CDR3 are very conserved among the IA alleles with which the YAe62 TCR cross-reacts (15) (Fig. 1C) . As previously described (2), these contacts combine with V␣ CDR1 and V␤ CDR2 to create the overall compact hydrophobic footprint of this TCR on the ligand.
Therefore, we propose that on one side of the YAe62 TCR, the V␣ CDR3 loop contributes to its broad cross-reactivity by avoiding steric interference with the conserved V␣ and V␤ CDR1 and CDR2 interactions with MHC. In contrast, on the other side of the TCR, the V␤ CDR3 loop contacts the MHC in such a way that it enhances the CDR1/CDR2 conserved interactions, creating a stable ''3-legged stool'' structure. To test this idea, we performed several types of mutational analyses of the V␤ CDR3 loop.
Effects of Alanine Substitutions in the YAe62 V␤ CDR Loops. In a previous study, we examined the effects of mutating V␣ 29Y and V␤ 48Y and 54E on the responses of YAe62 to its various ligands (2) . Here, we have extended that analysis to many other amino acids on all 3 of the CDR loops of the YAe62 V␤ region to compare the relative importance of the V␤ CDR1/CDR2 loops with that of the V␤ CDR3 loop in the reactivities of the T cell. The mutated ␤ chains and the WT YAe62 ␣ chain were introduced into a TCR-negative hybridoma by retroviral transduction. The resultant transductants were tested for both IA b -3K reactivity and alloreactivity to various H-2 haplotypes. The results are shown in Fig. 2 . For each TCR amino acid, this figure shows the number of contacts to the MHC and peptide portion of the IA b -3K ligand in the crystal structure of the WT TCR and IL-2 production by the mutant transductants in response to stimulation with either IA b -3K or antigen-presenting cells bearing various H-2 haplotypes.
As previously shown (2), V␤ 48Y and 54E were critical for the reactivity of YAe62 to IA b -3K. In addition, V␤ 46Y and 95W were essential for the response. These results agree well with the crystallographic data, because these 4 amino acids contribute more than 60% of the total contacts between the YAe62 TCR and the IA b -3K ligand (2) . There was little effect of mutating any of the amino acids in V␤ CDR1, consistent with the minimal contact between V␤ CDR1 and IA b -3K in the complex. Mutation of V␤ CDR3 93D, 94F, or 98T did not eliminate the response to IA b -3K but resulted in a greater than 10-fold loss in IL-2 production. This was not surprising for 94F, because this amino acid makes extensive contact with IA b -3K in the structure. However, neither 93D nor 98T made any contact with IA b -3K in the structure. These amino acids are on the beginning of the ␤ strands that support the V␤ CDR3 loop, and their mutation might affect the packing of these strands against the other ␤ strands of V␤ and influence the conformation of the tip of the CDR3 loop indirectly (16) .
In general, similar results were obtained when the mutant transductants were tested with the MHC haplotypes with which YAe62 cross-reacts. Although the patterns of reactivity were not identical, some or all of the V␤ amino acids (46Y, 48Y, 54E, and 95W) played a major role in the allo-MHC cross-reactivities as well. The 3 V␤ CDR2 amino acids interact very similarly with a number of different IA alleles in numerous published TCR/ MHC structures, such that our results suggest that the YAe62 TCR most likely interacts with these other MHC alleles in a manner similar to that seen with IA b -3K (i.e., by contacting the same conserved sites on MHC).
Many Different V␤ CDR3 Loops Support the Cross-Reactivity of YAe62.
Our mutational data suggested that the YAe62 V␤ CDR3 synergized with conserved interactions mediated by V␣ 29Y and V␤ 46Y, 48Y, and 54E to produce its many cross-reactivities. The major contribution from 95W in V␤ CDR3 might indicate that only a very restricted set of CDR3s would allow such extensive cross-reactivity. This raised the possibility that it was the special nature of V␤ CDR3 rather than the CDR1/CDR2 amino acids of YAe62 that drove its promiscuous reactivity. To test this idea, we used a retroviral approach similar to that described previously to prepare a library of viruses encoding the YAe62 ␤ chain with the 5 amino acids (amino acids 93-97) at the tip of the loop randomized, which were used to transduce the cell already expressing the WT TCR-␣ chain.
The initial mixed library of transductants had a weak reactivity with MHC when tested with the H-2 d -and H-2 b -bearing B-cell lymphoma hybridoma, LB-27.4 (17, 18) [Fig. S1A ]. As described in Materials and Methods (18), the library was enriched for reactivity to LB-27.4 using the T cell recognition by protein transfer (TRAP) method (19) . Over 8 cycles, there was a gradual increase both in the response of the bulk-sorted population and in the percentage of clones from the sorted populations that responded to LB-27.4 ( Fig. S1 A and B) .
Because many of the clones contained more than 1 virus, individual CDR3s were sequenced, recloned, and reintroduced in the ␣ chain containing recipient. A final set of 19 transductant clones was selected for characterization. All clones had similar levels of surface TCR and responded well to the V␤8-specific superantigen, Staphylococcal enterotoxin B (SEB) (data not shown). The transductant clones were compared for their responses to either IA b -3K, different H-2 haplotypes, or cells bearing the MHCI molecules, K b and D b , in the absence of MHCII. We hypothesized that if the unique properties of the original YAe62 V␤ CDR3 were responsible for its MHC crossreactivity, the enriched library should contain V␤ CDR3s very similar to the original. On the other hand, if the role of V␤ CDR3 was to provide the third leg to the 3-legged stool enhancing the TCR CDR1/CDR2-conserved interactions, there should be many other additional unrelated CDR3s that could provide this function. The results showed that the latter prediction was correct.
An example pattern of response for the WT YAe62 and one of the T-cell transductants from the V␤ CDR3 library is shown in Fig. 3 . As expected, cells expressing WT YAe62 TCR responded to H-2 b, bm12, r, k, q, s but not to H-2 d, f, nod or to K b /D b (Fig.  3A) . The V␤ CDR3 of clone 1 differs from WT YAe62 by 1 amino acid, 97DϾI. Despite this single change, this clone had a somewhat different pattern of reactivity (Fig. 3B) . It still responded to IA b -3K, but less strongly than WT YAe62. More strikingly, this mutant lost the ability to respond to H-2 k but acquired responsiveness to H-2 d and H-2 f . The V␤ CDR3 sequences and patterns of reactivity of all the clones are summarized in Fig. 4 . The mutants can be divided into 3 categories. Group A (clones 1-4) have V␤ CDR3s that contain 95W, the same as WT YAe62 TCR. The individual V␤ sequences ranged from clone 1, described previously, whose CDR3 shared 4 of 5 amino acids with WT YAe62 V␤ CDR3, to clone 4, in which only 95W was shared with the YAe62 V␤ CDR3. Clones 1-3 all had a detectable response to IA b -3K and multiple other MHC reactivities. By contrast, clone 4 did not respond to IA b -3K but still responded to 2 of the MHC haplotypes.
Group B (clones 5-15) V␤ CDR3 lacked 95W and were not obviously related to the WT CDR3, but these clones still responded to 1 or more of the tested MHCs and a few continued to respond to IA b -3K. None of the clones in group C (clones [16] [17] [18] [19] responded to any of the stimuli. These clones were primarily identified in the enriched transductants that carried more than 1 mutant CDR3, only 1 of which had IA b -3K or allo-MHC reactivity. The results are consistent with our prediction that although the CDR3 of the WT YAe62 participates in its multiple MHC reactivities (especially via 95W), other . Indicated amino acids were individually mutated to alanine. The resultant mutant transductants were stimulated with antigenpresenting cells (APCs) presenting different TCR ligands. IL-2 production was assayed. The data are presented as boxes filled with a sliding color scale from white to red (see color code). Data represent the mean of IL-2 produced in 3 independent experiments. All mutants were able to respond to anti-CD3 equally and did not produce IL-2 in response to media alone (data not shown). unrelated CDR3 sequences can be substituted without the loss of its MHC cross-reactivity or, in some cases, even its IA b -3K reactivity.
An unexpected finding was that 3 of the 4 V␤ CDR3 mutant T cells in group A (including mutant 1 described previously) and 8 of 11 in group B had gained a response to 1 or more of the H-2 haplotypes not recognized by the WT YAe62 T cell. Mutant 5 was particularly striking. It reacted to all stimuli tested, including cells bearing only H-2 b MHCI molecules. The WT YAe62 T cell does not respond to H-2 b MHCI-expressing cells directly but can be positively selected to become a CD8 T cell in MHCII-negative mice expressing H-2 b MHCI (4). The V␤ CDR3 region in mutant 5 may have increased the affinity of its TCR for H-2 b MHCI plus an unknown self-peptide enough to change a positively selecting ligand into an overtly stimulating one.
These results support the idea that depending on the particulars of the CDR3 regions, a given receptor can be broadly cross-reactive not only to different alleles of MHCII molecule but also to MHCI. Fig. 4 show that the broad MHC cross-reactivity of the YAe62 TCR can be dialed up or down by the composition of V␤ CDR3. This result led us to the central question of this study. Regardless of the CDR3 composition, are the cross-reactivities of the mutant TCRs still dependent on the conserved interaction of V␣ 29Y and V␤ 46Y, 48Y, and 54E with the MHC portion of the ligand? If so, this would indicate that these amino acids are the main drivers of MHC recognition, with CDR3 playing a supporting modulating role. To test this idea, we combined the TCR-␤ chain expressing 2 of the most MHC cross-reactive mutant V␤ CDR3 loops (clones 5 and 7), not related to the original CDR3, with mutations of either V␣ 29Y or V␤ 46Y, 48Y, or 54E and tested the effect of these combined mutations on reactivities to the different MHCs. The results are summarized in Fig. 5 .
The effects of these mutations were very similar to those seen previously with the WT YAe62 TCR (i.e., the mutation of V␤ 48Y had the strongest effect, followed by that of V␤ 46Y and then that of V␤ 54E and V␣ 29Y) (2) (Fig. 2) . These data show that even with a completely different V␤ CDR3 sequence, these 2 mutant TCRs still depend on the same germline-encoded CDR1/CDR2 amino acids to recognize different MHC molecules as did the original YAe62 TCR. These results also suggest that for each MHC ligand, the 3 TCRs use a similar docking mode.
Overall, these data support our hypothesis that some germline-encoded CDR1 and CDR2 amino acids (V␤ 46Y, 48Y, and 54E and V␣ 29Y) are the chief contributors to the MHC reactivity of TCR containing V␤8-or V␣4-related V elements. Our results also are consistent with the idea that TCR CDR3 regions can modulate this reactivity to prevent self-reactivity, while imparting peptide and MHC allele specificity.
Discussion
The question of whether TCR genes have been evolutionarily selected to interact with MHC was raised by Jerne (20) contribution of the germline-encoded V␣ and V␤ CDR1 and CDR2 loops is vs. the somatically generated CDR3 loops to the shaping of the MHC-specific T-cell repertoire. Several studies have indicated that the frequency of MHC-reactive T cells in the random V␣/V␤ repertoire is high (21) (22) (23) , but the early sets of structures of TCRs bound to MHC did not reveal any interaction sites between TCRs and MHC that were common from one structure to another and were germline encoded. However, as more structures have accumulated, repeated patterns of TCR CDR1 and CDR2 interactions with MHC have been observed (2, 6, 7) . This pattern has been easier to define with MHCII ligands. For MHCI, although a very conserved MHCI ''restriction triad'' (18) (␣1 65 and 69 and ␣2 155) repeatedly contacted by TCR has been noted, the TCR CDR1 and CDR2 loops appear to have more flexibility in interacting with these sites.
The accumulated data favor the idea that TCR CDR1 and CDR2 loops have been evolutionarily selected for MHC reactivity. But what about CDR3? Based on the high sequence variability of TCR CDR3 loops, Bjorkman and Davis (24) originally predicted that they would be primarily responsible for peptide contact in TCR/ MHC complexes. The subsequent TCR/MHC structural data have shown that, indeed, in nearly all cases, the TCR CDR3 loops sit squarely over the peptide. Moreover, several studies have shown that mutations in CDR3 loops can have different effects on TCR/MHC interaction. Thus, CDR3 mutants occasionally acquire higher affinity for the ligand (25, 26) ; however, more often, CDR3 mutants lose the ability to bind their ligands (16, 27, 28) . These findings raise the question of whether the TCR CDR3 loops play an active or passive role in shaping the T-cell predisposition for MHC. Our results in single-peptide mice have led us to propose that many CDR3 loops are permissive for strong CDR1/CDR2 interaction of TCR with multiple MHC molecules, such that the main function of thymic selection is to sort for those CDR3 loops that reduce the inherent affinity of the TCR for MHC into a range that promotes positive selection but allows escape from negative selection to the periphery.
We showed here that the YAe62 V␤ CDR3 loop played a strong role in MHC cross-reactivity; however, other unrelated CDR3 loops either decrease or increase its range of MHC cross-reactivity. Most importantly, the same 4 conserved CDR1/ CDR2 amino acids were involved in the cross-reactivities of TCRs with different unrelated CDR3 loops. These findings are consistent with the idea that MHC reactivity is inherent in random combinations of V␣ and V␤ via particular amino acids in CDR1 and CDR2. However, TCR CDR3 loops determine the strength and specificity of this reactivity. This idea is also supported by the recent work of Jones et al. (26) , who examined the MHCI-reactive 2C TCR that is cross-reactive between K b and L d bearing different peptides. They selected different V␣ CDR3s for this TCR based on much higher affinity of the different TCR for the L d ligand. They showed that the mutant V␣ CDR3s improved affinity without disturbing the conserved CDR1/CDR2 interactions with L d seen with the WT 2C TCR.
The paradox of the coexistence of self-MHC restriction of foreign peptide recognition and the relatively high frequency of allo-MHC reactive T cells has been a thorny issue for many years. Several recent articles have reviewed the topic and the current ideas and structural data relevant to the problem (29) (30) (31) . One important question has been whether the recognition of different MHC molecules by the same TCR involves fundamentally different docking modes of the TCR or simply changes in a few individual TCR-to-MHC contacts without much change in orientation. This issue has not been fully settled. In a few of the published structures directly comparing an individual TCR bound to 2 different MHC ligands, the familiar general diagonal binding mode was seen in both complexes (31, 32) . Nevertheless, in some cases, there were significant differences in TCR pitch and rotation, leading to changes in the details of atom-to-atom contacts with MHC. Also some of the TCR CDR loops have somewhat different conformations when bound to different ligands (9, (32) (33) (34) (35) (36) . This change in CDR loop structure has also been seen in some comparisons of free vs. MHC-bound TCR (9, 35, (37) (38) (39) (40) . This has led to the concept that the flexibility or plasticity of the TCR may account for its cross-reactivity rather than any conservation of TCR/MHC contacts.
Based on mutational data presented here and previously (2), we argue that highly promiscuous T cells, such as YAe62, developing in single-peptide mice represent a unique population of T cells whose strong interactions with many MHC ligands are driven primarily by the same conserved features of the germlineencoded V␣ and V␤ elements. Although this conclusion predicts a very similar docking mode of these TCRs on their various ligands, we have not yet confirmed this with x-ray crystallographic data.
Materials and Methods
Refer to SI Text for detailed materials and methods.
Generation of V␤ CDR3 Library and TCR Mutants. For detailed methods, refer to SI Text. Briefly, sequences encoding the WT YAe62 TCR-␣ and -␤ chains were cloned into murine stem cell virus (MSCV)-based retroviral plasmids (41, 42) . DNA fragments encoding the YAe62 TCR-␣ or -␤ chain with individual mutations were constructed using PCR with overlapping primers and cloned into MSCV vectors. A V␤ CDR3 library was created using oligonucleotide primers randomized [via the codon NN(G/C)] at positions encoding V␤ 93-97. The mixture of PCR fragments was cloned in the MSCV plasmid encoding the YAe62 ␤ chain, producing a mixture of Ϸ2 ϫ 10 5 independent plasmid clones.
Retroviral supernatants were generated in Phoenix cells (18) and used to spinfect T-cell hybridomas (18) . Cells were analyzed and sorted 24 h after the second spinfection. Twenty-four hours later, the supernatants were screened for IL-2 content as previously described (11) .
Flow Cytometry and Cell Sorting. Flow cytometry analysis and cell sorting were performed at the Flow Cytometry Facility at National Jewish Health.
Mice. B10.BR (H-2 k ), B10M (H-2 f ), B6.CH2 (H-2 bm12 ), B10.RIII (H-2 r ), B10.S (H-2 s ), and B10.D1 (H-2 q ) mice were obtained from Jackson Laboratory. MHCII Ϫ/Ϫ , Ii Ϫ/Ϫ mice have been previously described (10) , and nonobese diabetic mice were provided by Kathryn Haskins (National Jewish Health Molecular Resource Facility). All mice were maintained in a pathogen-free environment in accordance with institutional guidelines in the Biological Resource Center at the National Jewish Health.
